Computer-assisted DNA fingerprinting with the complex probe Ca3 has been used to analyze the relatedness of isolates collected from individuals with nosocomial bloodstream infections (BSIs) and hospital care workers (HCWs) in the surgical and neonatal intensive care units (ICUs) of four hospitals. The results demonstrate that for the majority of patients (90%), isolates collected from commensal sites before and after collection of a BSI isolate were highly similar or identical to the BSI isolate. In addition, the average similarity coefficient for BSI isolates was similar to that for unrelated control isolates. However, the cluster characteristics of BSI isolates in dendrograms generated for each hospital compared to those of unrelated control isolates in a dendrogram demonstrated a higher degree of clustering of the former. In addition, a higher degree of clustering was observed in mixed dendrograms for HCV isolates and BSI isolates for each of the four test hospitals. In most cases, HCW isolates from an ICU were collected after the related BSI isolate, but in a few cases, the reverse was true. Although the results demonstrate that single, dominant endemic strains are not responsible for nosocomial BSIs in neonatal ICUs and surgical ICUs, they suggest that multiple endemic strains may be responsible for a significant number of cases. The results also suggest that cross-contamination occurs between patients and HCWs and between HCWs in the same ICU and in different ICUs. The temporal sequence of isolation also suggests that in the majority of cases HCWs are contaminated by isolates from colonized patients, but in a significant minority, the reverse is true. The results of this study provide the framework for a strategy for more definitive testing of the origins of Candida albicans strains responsible for nosocomial infections.
Computer-assisted DNA fingerprinting with the complex probe Ca3 has been used to analyze the relatedness of isolates collected from individuals with nosocomial bloodstream infections (BSIs) and hospital care workers (HCWs) in the surgical and neonatal intensive care units (ICUs) of four hospitals. The results demonstrate that for the majority of patients (90%), isolates collected from commensal sites before and after collection of a BSI isolate were highly similar or identical to the BSI isolate. In addition, the average similarity coefficient for BSI isolates was similar to that for unrelated control isolates. However, the cluster characteristics of BSI isolates in dendrograms generated for each hospital compared to those of unrelated control isolates in a dendrogram demonstrated a higher degree of clustering of the former. In addition, a higher degree of clustering was observed in mixed dendrograms for HCV isolates and BSI isolates for each of the four test hospitals. In most cases, HCW isolates from an ICU were collected after the related BSI isolate, but in a few cases, the reverse was true. Although the results demonstrate that single, dominant endemic strains are not responsible for nosocomial BSIs in neonatal ICUs and surgical ICUs, they suggest that multiple endemic strains may be responsible for a significant number of cases. The results also suggest that cross-contamination occurs between patients and HCWs and between HCWs in the same ICU and in different ICUs. The temporal sequence of isolation also suggests that in the majority of cases HCWs are contaminated by isolates from colonized patients, but in a significant minority, the reverse is true. The results of this study provide the framework for a strategy for more definitive testing of the origins of Candida albicans strains responsible for nosocomial infections.
Immunosuppression and other compromising conditions can result in life-threatening fungal bloodstream infections (BSIs). When such infections arise during hospitalization, they are referred to as nosocomial infections (31) . There is an inclination to assume that because these infections arise in a hospital setting, the origin of the infecting strain is the hospital staff or environment. However, because Candida albicans and related species, which are responsible for the majority of nosocomial fungal infections (31) , reside in the natural microflora of a majority of immunocompetent individuals as relatively benign commensal organisms (55) , a nosocomial infection may also originate from the commensal strain carried into the hospital by the patient. If a nosocomial infection arises from an endogenous commensal strain, prior mucosal colonization has been implicated as an independent risk factor (9, 18, 41, 63) and the gastrointestinal tract has been implicated as the most likely reservoir (1, 28, 30, 38, 41, 60, 61, 63) . In the case of exogenous transmission, contaminated infusates, biomedical devices, and the hands of health care workers (HCWs) represent documented sources (11, 12, 17, 26, 39, 46, 47, 51) . In cases of nosocomial infections in newborns, the infection must originate in the hospital setting (40) since we can assume that the fetus is sterile in utero.
The epidemiology of nosocomial infections of Candida spp. has been investigated by a variety of DNA fingerprinting methods, including restriction fragment length polymorphism analysis (3, 6, 19, 39) , electrophoretic karyotyping (8, 14, 59) , randomly amplified polymorphic DNA analysis (13, 21, 42) , and Southern blot hybridization with discriminating probes (27, 34, 44, 48, 56) . Although the majority of these methods hold the potential for use in strain discrimination and valid cluster analyses, in most studies that have used them there has been no attempt to validate the methods used, no attempt to quantitate the levels of similarity or dissimilarity of isolates, and no attempt to perform cluster analyses of moderately related isolates. Instead, there has been complete reliance on subjective interpretations. Even more disturbing is the absence in most studies of a collection of unrelated isolates analyzed by the same fingerprinting method for comparison. Straightforward methods have been developed to assess the efficacy of a DNA fingerprinting method and to test whether the method possesses the necessary attributes for broad epidemiological studies (36, 53, 58) . These attributes include the capacity to (i) identify the same strain in different isolates, (ii) distinguish between completely unrelated strains, (iii) cluster moderately related isolates, and (iv) distinguish microevolution in highly similar but nonidentical isolates. Recently, the use of Southern blot hybridization with the complex species-specific probe Ca3 was validated for DNA fingerprinting of C. albicans by demonstrating parity between it and both the method of randomly amplified polymorphic DNA analysis and the method of multilocus enzyme electrophoresis (36) . This characterization of Ca3 fingerprinting provided quantitative measures of (i) identicalness, (ii) microevolution and high levels of relatedness, (iii) thresholds for clustering of moderately related isolates, and (iv) unrelatedness. It also provided cluster characteristics for a set of unrelated isolates that can be used to assess the relatedness of other sets of C. albicans isolates, such as collections of nosocomial isolates (36) .
In the present study, we have used this validated DNA fingerprinting method to examine the relatedness of isolates of C. albicans from candidemia patients in the neonatal and surgical intensive care units (NICUs and SICUs, respectively) of four medical centers participating in the National Epidemiology of Mycoses Survey (NEMIS) (29, 35) . The collection included 35 isolates primarily from the blood of 30 patients with candidemia and 75 isolates from stool, urine, respiratory, and/or gastric specimens from 28 of these patients collected before, during, and/or after collection of the isolates that caused candidemia. Infections did not occur in close temporal association in any of the four hospitals. In addition, 42 isolates were obtained from the hands of HCWs in the same intensive care units (ICUs) at the time of or very close to the time of infection.
MATERIALS AND METHODS

Collection of isolates.
The NEMIS study was established under the auspices of Pfizer Inc. (New York, N.Y.) to define the spectrum of pathogens in seven hospitals causing nosocomial fungal infections in SICUs and NICUs, to characterize the organisms with respect to their susceptibilities to commonly used antifungal agents, and to define the molecular epidemiology of these infections with respect to endogenous sources and cross-infection (29, 35) . The four hospitals in the study reported here were located in New York, N.Y. (hospital A), Iowa City, Iowa (hospital B), San Antonio, Tex. (hospital C), and Atlanta, Ga. (hospital D). Prospective surveillance was conducted over a 2-year period (1993 to 1995) for all patients who were hospitalized for at least 72 h in the SICU and NICU of each study site. ICU-acquired candidemia was defined as the occurrence of a new episode after a minimum of 72 h of hospitalization in the respective ICU. Microbiologic studies included weekly surveillance cultures of stool and urine for Candida spp. (rectal swab only for NICU patients), as described previously (28, 35) . Thirty-five isolates were obtained from 30 ICU patients with infections, and for 28 of these patients, 75 additional isolates were collected from other body locations that can normally be colonized by commensal strains. Because 31 of the 35 isolates from ICU patients with infections were derived from patients with BSIs, all such isolates will be referred to as BSI isolates for convenience. The remaining four isolates from ICU patients with infections were obtained from peritoneal fluid, ascitic fluid, a tissue biopsy specimen, and an abscess. Specimens were also obtained from the hands of HCWs by the broth-bag method (57) . Specimens from hands were obtained on a monthly basis and whenever an episode of candidemia was recognized in an ICU. Forty-two C. albicans isolates were obtained. Because of privacy rules at the respective institutions, HCWs could be identified only by their professional role, and therefore, specific HCWs could not be tracked over time, although in most cases HCWs were distinguishable from one another by professional role, ICU, and time of sampling. Isolates from patients were initially labeled according to patient, day of isolation, and body location. For example, an isolate obtained from the stool of patient 4 on day 106 was labeled P4(106)st. In dendrograms developed exclusively for BSI isolates, the isolates were also labeled according to ICU and date of isolation. For example, an isolate from patient 2 in the NICU collected on 29 March 1995 was labeled P2 N 3/29/95. HCW isolates were labeled according to HCW title, ICU, and date of collection. For example, an isolate from HCW5, a registered nurse in the NICU, collected on 20 March 1995 was labeled HW5RN N 3/20/95. The following HCW titles and abbreviations are used: registered nurse, RN; supervisor, SU; medical doctor, MD; X-ray technician, XT; nurse's assistant, NA; technician, TE; respiratory therapist, RT; nurse's orderly, NU; clerk, CL; and other, OT.
Organism identification. All isolates of Candida spp. were initially identified to the species level by routine procedures established at each participating institution and were then sent to the University of Iowa Hospitals and Clinics for banking and further analysis (35) . Upon receipt at the University of Iowa, isolates were subcultured onto potato dextrose agar (Remel, Lenexa, Kan.) and CHROMagar (Hardy Diagnostics, Santa Maria, Calif.) to assess viability and species homogeneity. Species were then identified with Vitek and API products (bio Merieux, St. Louis, Mo.) and by other conventional methods as required (62) . All Candida isolates were stored as water suspensions or on agar slants at ambient temperature.
DNA fingerprinting. The complex DNA probe Ca3 (2, 22, 45) was used to assess the genetic relatedness and microevolution of the C. albicans isolates (22, 23, 55) . The methods for DNA preparation and electrophoresis have been presented in detail elsewhere (24) . DNA from reference strain 3153A was run in the outer two lanes of each gel in order to normalize the gel image.
DNA fingerprint analysis. To compare the fingerprints of isolates, the DEN-DRON software package (version 2.0; Solltech Inc., Oakdale, Iowa), based in a Macintosh computer, was used. The methods for analysis of fingerprint patterns have been described in detail elsewhere (53) . Autoradiogram images were digitized and processed for distortions. Lanes and bands were automatically identified, and the similarity coefficient (S AB ) between patterns for every pair of isolates A and B was computed by the formula S AB ϭ 2E/ (2E ϩ a ϩ b) , where E is the number of common bands in the patterns of A and B, a is the number of bands in pattern A with no correlates in pattern B, and b is the number of bands in pattern B with no correlates in pattern A. Dendrograms based on S AB values were generated by the unweighted pair-group method with arithmetic averages (UPGMA) (52) . To test the stability of clusters generated by UPGMA, the Test Dendrogram Stability option of the DENDRON, version 2.0, software package was used. In this assessment, the order of data entry was randomized 20 times, and members of the major clusters at an S AB threshold of 0.80 were assessed.
Statistical tests. A two-sample t test for independent samples with unequal variances was used to compare the average S AB s between defined collections (43) . The distributions of S AB s were verified to be normal enough for the t test. A chi-square test was used to compare proportions of isolates in clusters generated at a particular S AB threshold (43) .
RESULTS
DNA fingerprinting with the Ca3 probe. Representative Ca3
Southern blot hybridization patterns obtained with probe Ca3 are presented in Fig. 1A through D for collections from patients P5, P17, P4, and P28, respectively. Ca3 hybridized to between 15 and 20 bands in each Southern blot under the conditions used, but only the 10 to 15 bands above 2.3 kb were used to compute S AB s (48) . With the Ca3 probe, EcoRI-digested genomic DNA, and an S AB based on band position alone, it has been empirically demonstrated that (i) an S AB of 1.00 is achieved with multiple samples of the same clone; (ii) S AB s ranging between 0.90 and 0.99 represent highly similar but nonidentical patterns and usually reflect microevolution of a single strain when isolates are obtained from the same patient; (iii) S AB s ranging between 0.80 and 0.89 represent patterns for less related isolates that can still be clustered in a reproducible fashion; and (iv) S AB s below 0.75 represent patterns for unrelated isolates (22, 23, 36, 37, 53) .
In Fig. 2 , a dendrogram has been generated from the S AB s computed for 29 unrelated BSI isolates, each collected in a different hospital in the continental United States (34) . The average S AB for this control collection is 0.72 Ϯ 0.10, which represents an estimate of unrelatedness for BSI isolates that will be used in this study. The dendrogram generated for this collection also provides a measure of clustering among unrelated isolates at selected thresholds (53) .
Comparison of BSI and commensal isolates from the same patients. In Table 1 , the sequence of isolates, their anatomical origins, and the times of isolation are presented for isolates from each of the 30 infected patients. In addition, the average S AB , the S AB between the BSI isolate and the commensal isolate obtained immediately preceding collection of the BSI isolate, and the S AB between the BSI isolate and the commensal isolate obtained immediately succeeding collection of the BSI isolate are presented for each patient. For 19 patients, an isolate was obtained from a site of commensal carriage prior to collection of the first BSI isolate (Table 1 ). In 17 of these patients (89%), the average S AB between the commensal isolates and the subsequent BSI isolate ranged between 0.91 and 1.00, a range of values considered to reflect high levels of relatedness (22, 23, 34, 53) . The patterns of the isolates from patient P5 obtained by hybridization with the Ca3 probe ( Fig.  1A) provide an example of the high level of relatedness observed between the BSI and preceding isolates in a majority of patients. Isolate P5(21)BL and the isolates from two prior urine samples, isolates P5(0)UR and P5 (14)UR, differed by only one high-molecular-mass band, while isolate P5(21)BL and the two isolates from prior stool samples, isolates P5(0)ST and P5 (14)ST, were identical. For only 2 of the 17 patients, patients P4 and P28, did the initial commensal isolates differ markedly from the subsequent BSI isolates ( Fig. 1C and D, respectively). Interestingly, the times between collection of the commensal isolates and the subsequent BSI isolates in these two patients were the most extensive in the collection: 41 days for each patient (Table 1) .
For 18 patients an isolate was collected from a site of commensal carriage after the BSI isolate was collected (Table 1 ). For 16 of these patients (89%), the S AB between the BSI and subsequent commensal isolates ranged between 0.91 and 1.00 (Table 1 ). In two patients (11%), patients P4 and P28, a subsequent commensal isolate was unrelated to the BSI isolate (Table 1 ; Fig. 1C and D, respectively). In the case of patient P4, isolate P4(106)ST was unrelated to P4(41)BL (Fig. 1C) . Interestingly, the stool isolate, isolate P4(0)ST, was also unrelated to the BSI isolate but was identical to subsequent stool isolates P4(63)ST and P4(106)ST (Fig. 1C) . These results suggest that patient P4 was initially colonized by two unrelated strains, one in the stool and one in the urine, and that the strain in the urine emerged as the cause of the BSI. In the case of patient P28, preceding stool isolate P28(0)ST was unrelated to P28(41)BL, but subsequent stool isolates P28(63)ST, P28(77)ST, and P28(106)ST were identical to P28(41)BL ( Fig. 1D ; Table  1 ), suggesting strain replacement. In a third scenario, the BSI isolate was similar but nonidentical to the commensal isolates, suggesting significant microevolution. In patient P21, the BSI isolate and both the succeeding commensal isolates were similar but nonidentical, with S AB s of 0.91 and 0.88, respectively (Table 1) .
For the 18 collections of isolates with an average S AB of 1.00 (Table 1) , the dendrogram that was generated was composed of a single cluster at an S AB of 1.00. The collection of isolates from patient P17 provides an example of such a dendrogram (Fig. 3A) . For dendrograms of collections with average S AB s below 1.00, the complexity (degree of branching) of the dendrogram increased. For example, the dendrogram generated for the collection of isolates from patient P5, which had an average S AB of 0.98 (Table 1) , contained two clusters separated by a node at an S AB of 0.97. One cluster contained two identical stool isolates collected at days 0 and 14, and the second cluster contained three identical isolates, two from urine collected on days 0 and 14, suggesting that substrains resulting from microevolution had established themselves in alternative body locations. For this patient the blood isolate clustered with the stool isolates ( Figure 3B ). In Fig. 3C , a dendrogram is presented for the collection of isolates from patient P4; the average S AB for these isolates was 0.83 (Table  1 ). The dendrogram contained two clusters with a node at an S AB of 0.79. Just as in the case of the dendrogram for the collection of isolates from patient P5, the isolates from stool and urine samples separated into respective clusters, but in this case the separated clusters appeared to represent two unrelated strains. The blood isolate from this patient clustered with the urine isolates, not the stool isolates (Fig. 3C) . In Fig. 3D , a dendrogram is presented for the collection of isolates from patient P28; the average S AB for these isolates was 0.92 (Table  1) . A node at an S AB of 0.76 separated the first stool isolate from a cluster containing the subsequent blood, stool, and urine isolates. The combined results summarized in Table 1 demonstrate that for the majority of patients, commensal isolates and the subsequent BSI isolate from the same patient are highly similar, and for the majority of patients, a BSI isolate and subsequent commensal isolates from the same patient are highly similar. The results also suggest that in one-third of the patients, microevolution occurs in the colonizing strain.
Genetic relatedness of BSI isolates obtained from the same hospital. To obtain a measure of the genetic diversity of BSI isolates in each test hospital, dendrograms that included only one BSI isolate from each patient were generated for each hospital (Fig. 4) . The average S AB s for these restricted collections from hospitals A, B, C, and D were 0.76 Ϯ 0.10 (n ϭ 6), 0.71 Ϯ 0.10 (n ϭ 9), 0.75 Ϯ 0.13 (n ϭ 3), and 0.69 Ϯ 0.11 (n ϭ 12), respectively ( Table 2 ). The average S AB for the combined collection of isolates from patients with candidemia from the four hospitals was 0.72 Ϯ 0.10 (n ϭ 30), which was identical to the value obtained for the 29 unrelated BSI isolates described previously (34) ( Table 2 ). While the average S AB s for the collections from hospitals B and D were lower than that for the random control collection of BSI isolates (P ϭ 0.358 and 0.616, respectively), the average S AB s for the collections from hospitals A and C were slightly higher (P ϭ 0.265 and 0.615, respectively).
The average S AB s computed for each hospital collection suggested that in each hospital the BSI isolates were approximately as diverse as the control collection of unrelated isolates ( Table 2 ). However, a simple comparison of the average S AB s can be misleading, since one very unrelated isolate in a small collection can have an inordinately strong influence (52) . The cluster characteristics of the dendrogram for BSI isolates from each of the four hospitals (Fig. 4A to D) were therefore individually compared to the cluster characteristics of the dendrogram generated for the control collection of unrelated BSI isolates (Fig. 2) . The dendrogram for the collection of six BSI isolates from hospital A (Fig. 4A) included two (from patients P18 and P16) with identical patterns and four (from patients P18, P16, P17, P3), which represented 67% of the collection, in a cluster defined at an S AB threshold of 0.86. In the dendrogram for the control collection (Fig. 2) , no isolates exhibited identical patterns and only 52% of the isolates in the control collection were members of clusters defined at an S AB threshold of 0.86 (Fig. 2) (P ϭ 0.03) . These results suggest a significantly higher than expected level of clustering of highly and moderately related isolates in hospital A (P ϭ 0.03). The dendrogram for the collection of nine BSI isolates from hospital B (Fig. 4B) included five in clusters defined at an S AB threshold of 0.86, which represented 56% of the collection, compared to 52% for the control collection. The dendrogram for the three BSI isolates from hospital C (Fig. 4C ) included two in a cluster defined at an S AB threshold of 0.86, which represented 67% of the collection, compared to 52% for the control collection. Finally, the dendrogram for 12 BSI isolates from hospital D (Fig. 4D ) contained 6 isolates in clusters defined at an S AB threshold of 0.86, which represented 50% of the collection, which is roughly the same proportion as that for the control collection (Fig. 2) . However, the hospital D collection contained a cluster of four isolates that were defined at an S AB threshold of 0.90 and that were collected from patients in the same NICU (Fig. 4D) . This cluster represented 33% of the hospital D collection. In the control collection of unrelated BSI isolates (Fig. 2) , the largest cluster defined at a threshold of 0.90 contained three isolates, which represented only 10% of the collection. The difference was significant, with a P value of 0.0002.
In the dendrograms generated for BSI isolates in each of the four respective hospitals (Fig. 4) , there was no indication of temporal associations of highly related BSI isolates. In the hospital A collection, none of the isolates in the major cluster were collected within 2 months of one another, and even the identical pair of isolates, from patients P18 and P6, were collected 5 months apart and from different ICUs (Fig. 4A) . In the hospital B collection, the two most closely related isolates, from patients P12 and P10, were collected 9 months apart, and two isolates, from patients P11 and P23, were collected within 3 days of one another in the same ICU and were unrelated (Fig. 4B) . In the hospital D collection, two of the three most related isolates, from patients P8 and P9, were collected from the same ICU within 4 days of each other (Fig. 4D) . However, four isolates, collected from patients P28, P19, P20, and P26 within 12 days of each other, were not highly related (Fig. 4D) . These results together demonstrate the absence of single dominant endemic strains responsible for BSIs that occur in close temporal proximity in both the NICUs and the SICUs of the four hospitals in this study. However, even though related isolates did not exhibit temporal clustering, the proportion of clusters in the dendrogram for each hospital suggested a greater number of groups of related isolates than would be expected on the basis of comparisons with the control collection of unrelated BSI isolates.
Genetic relatedness of isolates from HCWs in individual hospitals. The average S AB s for isolates collected from the hands of HCWs from hospitals A, B, C, and D were 0.84 Ϯ 0.05 (n ϭ 7), 0.71 Ϯ 0.11 (n ϭ 11), 0.77 Ϯ 0.06 (n ϭ 4), and 0.72 Ϯ 0.10 (n ϭ 20), respectively ( Table 2 ). The average S AB s for HCW isolates from hospitals A and C were higher than the S AB for the 29 unrelated BSI isolates in the control collection, as was the case for the S AB s for BSI isolates from the same hospitals. Only in the case of the HCW isolates in hospital A was the difference with the control collection significant (P ϭ 0.004). Dendrograms for the HCW isolates from each hospital (Fig. 5) had some of the same characteristics as those generated for BSI isolates from the respective hospitals (Fig. 4) . For instance, the dendrogram for the HCW isolate collection from hospital A was dominated by a cluster defined by an S AB threshold of 0.83 that contained six of the seven isolates (86%) (Fig. 5A) . A similar cluster of four of the six BSI isolates (67%) from hospital A defined by an S AB threshold of 0.86 dominated the dendrogram for isolates from that hospital (Fig. 4D) . Several additional characteristics of the dendrograms for HCW isolates are noteworthy. At an S AB threshold of 0.89, 38% of the control collection of BSI isolates formed clusters (Fig. 2) . Except for one cluster of three isolates, which represented 10% of the control collection, all other clusters contained two isolates (Fig. 2) . In addition, there were no clusters in the control collection defined by an S AB threshold of 0.96 (Fig. 2) . In contrast, the proportion of HCW isolates in clusters that were defined at an S AB threshold of 0.89 and that contained three or more isolates for hospitals A, B, and D were 43, 27, and 50%, respectively; all of these values are higher than the proportion of 10% for the control BSI isolate collection (P ϭ 0.0001,
FIG. 3. Examples of dendrograms for collections of isolates from patients in which all isolates are identical (A), isolates show some variability reflecting microevolution (B), and isolates separate into unrelated clusters of isolates (C and D)
. Horizontal models of the Ca3 hybridization patterns are displayed next to the respective isolates in the dendrograms. 0.0005 and 0.0001, respectively). In addition, the dendrograms for HCW isolates from hospitals B and D each contained a pair of identical isolates ( Fig. 5B and D) . Finally, at a threshold of 0.91 the dendrogram for HCW isolates from hospital D contained a cluster of six isolates (Fig. 5D) , which was twice as large as the largest cluster in the dendrogram for control BSI isolates at that threshold (Fig. 2) .
In contrast to the relative lack of temporal associations observed among BSI isolates from individual hospitals, there were several examples of this among HCW isolates. In the hospital A collection, two of the three isolates (isolates HW4SU and HW3RN) in the most highly related cluster were collected from different individuals in the NICU on the same day (Fig. 5A ). In the hospital B collection, three isolates (isolates HW34RN, HW32XT, and HW33NA) in the most related cluster were collected from three different individuals in the SICU on the same day (Fig. 5B) . Finally, in the hospital D collection, three of the seven isolates (isolates HW21RN, HW19RT, and HW20RN) in the largest cluster were collected from different individuals in the NICU on the same day, and an additional isolate in the cluster (isolate HW13RN) had been collected 15 days earlier (Fig. 5D) . Three of the four isolates (isolates HW9CL, HW8RN, and HW10RN) in the second largest cluster were collected from individuals in the SICU on the same day, and the fourth isolate (isolate HW27RN) in this cluster had been collected 15 days earlier from an individual in the NICU (Fig. 5D ). These results demonstrate transfer of strains among HCWs or from patients to several HCWs in the same ICUs.
Genetic relatedness of BSI and HCW isolates from the same hospitals. To assess the relatedness between BSI and HCW isolates collected in the same hospitals, mixed dendrograms were generated (Fig. 6) . One BSI isolate from each patient and from each HCW was included. The average S AB for the combined collection of hospital A isolates was 0.83 Ϯ 0.10, which was significantly higher than that for the control collection of unrelated BSI isolates (Table 2) (P ϭ 0.002). The proportion of isolates in clusters defined at an S AB of 0.85 was 85% (Fig.  6A) , which was higher than the 59% value for the control BSI isolate population (P ϭ 0.07). The combined collection of isolates from hospital A formed two clusters at an S AB threshold of 0.89 (Fig. 6A) . Cluster a included two isolates, one from patient P2 and one from HW5RN; these were collected 9 days apart. The HCW isolate was collected 9 days before collection of the BSI isolate (Fig. 6A ) and 5 days before collection of the first commensal isolate from this patient. Cluster b included five isolates. Three of the five (from P18, P16, and HW4SU) were identical (S AB s ϭ 1.00). Interestingly, the three isolates were collected over a 1-year period. None were collected within a month of each other. This observation is one of the strongest supporting the establishment of an endemic strain in this study. Again, the HCW isolate was collected before the BSI isolates, 1 year prior to collection of the isolate from patient P18, and 7 months before collection of the isolate from patient P16. The remaining two isolates in cluster b included one from P3 and one from HW7RN, and these were collected 1 day apart.
The average S AB for the combined collection of isolates from hospital B was similar to that for the control collection of BSI isolates (Table 2) . However, while 59% of the control collection of unrelated BSI isolates formed clusters at an S AB threshold of 0.85, 80% of the combined collection from hospital B formed clusters at this threshold (Fig. 6B) (P ϭ 0.002) . The combined collection from hospital B formed five clusters of two to three isolates each at an S AB threshold of 0.90 (Fig.  6B) . The first cluster, cluster a, contained three HCW isolates (from HW34RN, HW32XT, and HW33NA), all collected on the same day. The next three clusters, clusters b, c, and d, each contained one patient isolate and one HCW isolate (from P11 and HW35RN, P21, and HW29RN, and P24 and HW37TE, respectively) collected 1, 5, and 27 days apart, respectively. The fifth cluster, cluster e, contained two patient isolates and one HCW isolate (from P10, P12, and HW38RN). None of the latter three isolates were collected within a month of each other, even though the three were highly related or identical. The HCW isolate in this cluster was collected 2 months after collection of the first BSI isolate but 7 months prior to collection of the second BSI isolate. The final cluster, cluster f, defined at an S AB threshold of 0.86, included isolates from P22 and HW31RT, collected within 2 days of each other.
The average S AB for the combined collection from hospital C was 0.77 Ϯ 0.09, which was somewhat higher than that for the control collection ( Table 2 ). The dendrogram for the hospital C collection contained a cluster of two highly related isolates, one from HW43NU and one from P27 (Fig. 6C) . In this case, the HCW isolate was collected a year prior to the collection of the patient isolate.
The average S AB for the combined collection from hospital D was also similar to that for the control collection of unrelated BSI isolates (Table 2) . However, the proportion of isolates in clusters defined at an S AB threshold of 0.85 was 74% (Fig. 6D ), compared to 59% for the control collection (P ϭ 0.214). The combined collection from hospital D contained six clusters defined at an S AB threshold of 0.88 (Fig. 6D) . Clusters a, b, c, and d each contained a patient isolate and an HCW isolate (from P5 and HW14RN, P30 and HW12RT, P20 and HW24RN, and P7 and HW23RT, respectively) collected 2 months, 6 months, 1 month, and 1 day apart, respectively. In each of these instances, the patient isolate was collected before collection of the HCW isolate. Cluster e contained isolates from three patients and four HCWs. Five of the seven isolates in this cluster (from HW10RN, P9, HW9CL, HW8RN, and HW27RN) were collected within 19 days of each other. Finally, cluster f contained eight isolates, one from a patient and seven from HCWs. Seven of the eight isolates were collected in a 6-month period. Among the isolates in the latter cluster, the isolates from P8 and HW19RT were connected at an S AB node of 0.98. In this case, the HCW isolate was collected more than 1 year prior to collection of the patient isolate.
In 11 cases, a BSI and an HCW isolate collected from the same hospitals within a 2-month period were highly related (S AB Ն 0.88) ( Table 3 ). In all but one of the cases, the BSI isolate was collected in the same ICU as the HCW isolate. In the one exceptional case, isolates from three HCWs in the SICU of hospital D were highly similar to the isolate from patient P9 in the NICU ( Table 3 ). The isolates from the SICU in this case were collected 19 days after collection of the BSI isolate from patient P9 in the NICU and 15 days after collection of a related isolate from an HCW in the NICU. Although in the preceding analysis, cases were noted of HCW isolates collected prior to related BSI isolates, in the majority of cases, BSI isolates were collected prior to related HCW isolates from the same hospital (Table 3) . In all but one of these cases, isolates were also obtained from HCWs in the same ICU prior to collection of the BSI isolate that were unrelated to the BSI isolates (Fig. 6) .
Stability of clusters. In this analysis, we have considered unrelatedness to be reflected by an S AB of 0.72, on average, and a high degree of relatedness to be reflected by S AB s above 0.90. In analyzing the cluster characteristics of collections, we used thresholds of 0.85 or 0.86 to define clusters. Since the order of data input by the UPGMA method can affect branching and, thus, the stability of clusters in a dendrogram (5), we randomized data input for the largest dendrogram in the study, the combination dendrogram for patients and HCWs from hospital D (Fig. 6D) . The input was randomized 20 times. At the S AB threshold of 0.80, 100% of the isolates that separated into the two major clusters x and y remained in those two clusters, demonstrating that the intermediately rooted branches that defined those clusters were stable. In addition, all clusters above the S AB threshold of 0.90 remained intact, demonstrating that the highly related clusters were also stable.
DISCUSSION
The National Nosocomial Infections Surveillance System conducted by the Centers for Disease Control and Prevention reported an increase from 2.0 nosocomial fungal infections per 1,000 discharges in 1980 to 3.8 per 1,000 discharges in 1990, an approximately twofold increase (7) . In that survey, significant increases were observed in medical, surgical, and newborn services, as well as in subspecialty services such as burn and trauma, cardiac surgery, and high-risk nursery services, in a 10-year period (7). The rates of nosocomial fungal infections, therefore, have increased in all types of hospitals, for all types of specialty services, and at all sites of infection (32) .
Candida spp. account for approximately 8% of all nosocomial BSIs (31) (32) (33) , and of these, C. albicans accounts for the majority (50 to 70%) (7, 30, (31) (32) (33) . Because Candida spp. can be carried as commensal organisms, several possible origins of nosocomial infections must be considered. First, it has been demonstrated that at least two-thirds of healthy individuals carry a Candida sp. in their natural microflora (55) . In a significant number of these cases of Candida carriage, individuals carry Candida spp. in at least two anatomical niches, most notably the vaginal canal and the oral cavity. In approximately two-thirds of such individuals, unrelated C. albicans strains or different species colonize the alternative anatomical locales, and in the remaining third, substrains that are highly related but nonidentical colonize the alternative locales (55) . Since there is growing genetic evidence suggesting that in the majority of patients commensal organisms are the source of subsequent infection (38, 60) , commensal organisms established in the patient at the time of hospitalization should represent the major source of nosocomial yeast infections. However, just as the majority of patients carry commensal organisms prior to infection, so do the HCWs who interact with patients and so do individuals who visit patients. Therefore, there is also the possibility that infectious yeasts can be transferred from the latter individuals to susceptible patients (4, 16, 41, 43, 44, 55) . In addition, there is growing concern, especially in the case of aspergillosis, that the physical environment of the hospital can harbor endemic strains of infectious fungi that may be responsible for a portion of nosocomial infections (10, 20, 25) . A recent analysis of the genetic diversity of BSI isolates by the same fingerprinting methods used here suggested that particular BSI strains are more highly concentrated in particular geographical locales, that established BSI strains may be endemic in some hospitals, and that these endemic strains may adapt through microevolution to those hospital settings (34) . Molecular genetic studies have also demonstrated that single strains have been responsible for a number of temporally associated outbreaks of candidemia in the same hospital or ICU (15, 26, 39, 46, 47, 51) . In some cases, the isolates cultured from the hands of HCWs have been found to be genetically similar or identical to nosocomial strains (11, 12, 15, 35) , although the direction of transfer in these cases was usually not apparent.
Isolates from the same patient. There is compelling genetic evidence from a variety of studies that have used a variety of DNA fingerprinting methods that individuals usually harbor the same commensal or infecting strain of C. albicans over extended periods of time (23, 38, 42, 46, 47, 50, 54, 56, 60) and that over time colonizing strains undergo microevolution that can be monitored through reorganization of the hypervariable regions identified by the C1 fragment of the Ca3 probe, which contains a cluster of the repeat element RPS (23, 55) . Here, we have compared isolates from urine, stool, and other sites of infection with commensal organisms with BSI isolates from the same individuals. Stool and urine isolates collected prior to and after collection of the first BSI isolate were similar or identical to the BSI isolates in approximately 90% of the patients. However, because all isolates were obtained from each patient after the patient entered the SICU, we cannot be certain that in all patients the infecting strain originated from the commensal strain carried into the hospital by the patient. Indeed, a variety of strains rather than a single C. albicans strain may have become endemic in a particular hospital setting, leading to a variety of nosocomial isolate genotypes similar in diversity to the variety of genotypes of isolates carried as commensal organisms in healthy individuals. Therefore, similar levels of diversity (e.g., equal S AB s) do not exclude the possibility that a variety of endemic hospital strains are responsible. A second study is therefore planned. In that study high-risk patients will be sampled prior to and after entering the hospital, and isolates from a control group of healthy individuals from the same geographical locale will be used for comparison. In the case of infants who acquire nosocomial infections in NICUs, Candida colonization must originate from either the mother or the hospital setting.
The proportion of patient isolate collections that included isolates with highly related but nonidentical patterns and that were therefore undergoing microevolution was 33%. This value is below the values of 66 and 55% previously observed for collections of commensal isolates and isolates that caused vaginitis, respectively (22) . The difference may be due to the time frame of the study. Carriage of the same commensal strain usually continues for very long periods of time, and the same established strain is responsible for recurrent vaginal infections over periods of up to several years (22) . Therefore, in both patients who carry commensal organisms and patients with recurrent yeast vaginitis, the colonizing strain has ample chance to diversify through microevolution. The lower figure for hospitalized patients suggests that the strains that colonize patients in the respective ICUs have not had ample time to diversify, supporting the idea either that they recently colonized their present hosts or that one commensal substrain recently dominated the colonizing population.
Possibility of endemic BSI strains in ICUs. The average S AB for BSI isolates in each of the four test hospitals was similar to that for the unrelated control collection and could therefore be interpreted to support the conclusion that the isolates from patients with candidemia in each hospital collection were unrelated and therefore did not emanate from the hospital environment. However, there were more isolates in clusters in three of the four hospital collections than in the control collection of BSI isolates. Therefore, while no single strain was responsible for the majority of nosocomial BSIs in any of the ICUs of the four hospitals in this study, BSI isolates showed more group relationships, on average. The latter point is reinforced by two additional observations. First, the collections of BSI isolates from hospitals A and D each contained a pair of identical isolates from different patients, while no identical isolates emerged in the collection of 29 unrelated control BSI isolates. Second, hospital D contained a cluster of 4 BSI isolates defined at an S AB threshold of 0.90 that represented 33% of isolates from that hospital, while the largest cluster in the control BSI collection defined at that threshold contained 3 of 29 isolates, which represented only 10% of the collection. Schmid et al. (49) obtained similar results in an analysis of surveillance isolates from 32 patients in different wards of a hospital in New Zealand. Using Ca3 fingerprinting to analyze relatedness, they found that isolates in each ward were, on average, more highly related than isolates in general.
Strong relationships exist between BSI isolates and isolates obtained from the hands of HCWs. The isolates from the hands of HCWs in each of the four hospitals exhibited cluster characteristics similar to those of BSI isolates from the respective hospitals. The same two hospitals, hospitals A and C, exhibited the highest average S AB s for both BSI and HCW isolates, and hospital A had the highest proportion of both BSI and HCW isolates in clusters at an S AB threshold of 0.86, 67 and 71%, respectively, compared to 52% for the control collection of unrelated BSI isolates. There were several additional cluster characteristics that suggested that the BSI isolates and HCW isolates were related. In the HCW isolate collection from hospital A, six of the seven isolates grouped in one cluster at an S AB threshold of 0.85, suggesting that an endemic strain had cross-contaminated the hands of hospital coworkers over a period of approximately 1 year and that this strain had undergone significant microevolution. In a combined dendrogram of patient and HCW isolates from hospital A, the four BSI isolates that formed a major cluster in the dendrogram for the BSI isolates mixed with the isolates in the HCW cluster. Isolates in the mixed cluster were distributed between the SICU and NICU of hospital A, suggesting a general endemic strain. Isolates in this mixed cluster represented 69% of isolates in the combined collection of isolates from hospital A. An additional cluster of isolates from one patient and one HCW isolate with a node at an S AB of 0.95 also emerged in the dendrogram for the mixed collection of isolates, raising the proportion of isolates from hospital A in mixed clusters defined at an S AB threshold of 0.85 to 85%. This value was significantly higher than the value of 59% obtained for the control collection of BSI isolates at the same S AB threshold. Similar results were obtained in the dendrograms for the mixture of patient and HCW isolates from hospitals B and D. Mixed clusters defined at an S AB threshold of 0.85 dominated each mixed dendrogram. The proportions of isolates in clusters defined at an S AB threshold of 0.85 for collections of isolates from hospitals B and D were 80 and 74%, respectively; again, both values were significantly higher than the value of 59% obtained for the control collection.
For 11 BSI patients from the four hospitals, isolates that were collected from HCWs within a 2-month period were related to the BSI isolates at an S AB threshold of 0.86. In all but one of these cases, the BSI and HCW isolates were obtained in the same ICU. For example, isolates from HW38RN and patient P12 had an S AB of 1.00 and were collected 2 months apart in the same NICU, and isolates from HW4SU and P18 had an S AB of 1.00 and were collected 1 year apart in the same NICU. In the case of patient P9 in the NICU of hospital D, related isolates with S AB s of Ն 0.90 were obtained 19 days later from HCWs in the SICU of the same hospitals. Fifteen days earlier, a related isolate had been collected from an HCW in the NICU, suggesting cross-contamination between HCWs in the alternative ICUs. The times of isolation of identical isolates from patients and HCWs in the same ICUs were sometimes separated by several months. For example, an isolate from HW4SU in the NICU and an identical isolate from patient P16 in the SICU of hospital A were collected 7 months apart. Clustering in the mixed dendrograms for isolates from each hospital demonstrated cross-contamination between the hands of HCWs and patients in the same hospitals. In 12 of the 14 cases in which related BSI and HCW isolates were collected within 2 months in the same hospital, the HCW isolate was collected after collection of the BSI isolate. These results suggest that in the majority of cases, transmission is from a BSI patient to an HCW, but in a minority of documented cases, HCW isolates were collected up to several months prior to collection of highly related BSI isolates, suggesting transmission from an HCW to a patient. Conclusion. By computing average S AB s and comparing the clustering characteristics of BSI isolates in the test collections and a control collection of unrelated BSI isolates, we can conclude that in none of the four test hospitals was a single endemic strain responsible for the majority of BSIs in an ICU. However, the characteristics of clustering in dendrograms suggest that endemic strains may account for some infections, and comparisons between BSI and HCW isolates demonstrate a high degree of relatedness in many cases that can only be interpreted as cross-contamination. Our evidence suggests that cross-contamination occurs between patients and HCWs, between HCWs in the same ICU, and between HCWs in different ICUs of the same hospital. The temporal sequence of isolation in most cases supports the conclusion that HCWs are contaminated by isolates from infected or colonized patients, but in a minority of cases transmission appears to be from HCW to patient. Our results demonstrate that DNA fingerprinting with the complex probe Ca3 provides the resolution necessary for such studies and provides the framework necessary for development of a surveillance study that will address, first, the origins of nosocomial infections in NICUs, second, the relationship between commensal organisms carried by healthy individuals prior to hospitalization and subsequent infecting strains in SICUs, third, the impact of transfer from HCW to patient, and, fourth, the microevolution of endemic strains in hospital settings.
